Molecular dynamics (MD) simulation has been carried out for study of size effects on physical properties of Al nanoclusters with different sizes (N = 256, 500, 864, 1372, 2048 and 4000) in the temperature range 300 K ≤ T ≤ 1200 K for both free and periodic boundary conditions. Energy per site for periodic and free boundary conditions was calculated for the mentioned sizes and temperature. By increasing size of Al nanocluster, the energy per atom was convergence to that of the bulk. By use of molecular dynamics some physical properties such as melting point, surface energy, sublimation energy, thermodynamic limit and pair distribution function have been obtained. Melting point of bulk state is 875 K which proportional the jump of energy and sharp peak in heat capacity. Our calculated sublimation energy (ΔHs-calculated = 330 kJ/mol) was in good agreement with experimental result (ΔH s-experimental = 318 kJ/mol).
Introduction
Metal particles with nanometer size containing tens to thousands of atoms; have attracted a great deal of interests because of a number of their exciting potential applications in catalysis as well as in electronic and optical nanodevices [1] - [3] . With the decreasing of particle size to nano scale level, they are formed by a limited reduced number of atoms and a large fraction of them occupy its surfaces. The strong size effects resulted from this limitation reduction process may lead to novel and different behaviors. The size and shape are determined unique properties of metal particles [4] .
There are many studies which have investigated structural and dynamical behavior of different materials. This method has been proven to be one of the most powerful tolls to predict and reproduce experimental result [5] - [7] .
Knowledge of their shape and precise structure would be very useful in the determination of their stability and related properties. Nevertheless, there are few studies to address a thorough energetic and thermal analysis of a wide variety of nanoparticles.
In recent decades, consolidate solids composed of nanometer size clusters have been attended because they have unique properties such as electrical, magnetic and thermomechanical properties [8] [9] . In contrast to conventional polycrystalline solids, nanophase materials have a large fraction of atoms in the interfacial region, which have a dramatic effect on the structure and physical properties of these materials such as surface energy. The surface energy describe the energetic situation on the surface of solids and the interaction between the cohesive and adhesive forces which, in turn, indicate if wetting occurs [10] [11] .
Molecular dynamics simulation for temperature-dependent behavior of solid copper has been studied by Alper and Politzer [12] . Isothermal isobaric molecular dynamics simulation of water has been done by Amrani et al. [13] . Dynamic coexistence melting is now well understood in terms of the minimum of the potential energy surface of nano particles [14] - [16] . Ferrando and Baletto [16] were reviewed structural properties of nanoclusters such as Energetic, thermodynamic and kinetic properties. Calvo et al. [17] were been studied of Al clusters melting in the size range of 49 ≤ N ≤ 62 by computer simulation and compared with experimental results.
Melting of neutral and singly charged sodium clusters Na n and Na n + was investigated for several sizes, 8 ≤ n ≤ 139 using both Monte Carlo and molecular dynamics simulations with an empirical many-body potential by Calvo et al. [18] . Up to n = 75, They found that the solid-liquid-like phase change is a multistage process initiated by "pre melting" The equilibrium structure is found to play an important role in the thermodynamics, in particular when such pre melting features are induced by diffusion processes at the surface. However, larger sizes n ≥ 93 exhibit preferentially a single process similar to the bulk melting.
Influence of the many-body interactions on the thermodynamics and chaotic dynamics of small atomic clusters has been investigated by Calvo et al. With standard molecular dynamics simulations as well as parallel tempering Monte Carlo, They calculated the complete heat capacity curves and the variations of the largest Lyapunov exponent with total energy. They observed that increasing the magnitude or decreasing the range of the many-body forces leads to an increase of chaos and a decrease in the melting temperature. Decreasing the range of the many-body interactions also results in a significantly lower latent heat of melting [19] . Also molecular dynamics simulations were performed to determine the melting point of aluminum nanoparticles of 55 -1000 atoms by the Streitz and Mintmire [20] [21] .
In this letter, we will address the size effects on the thermal characteristics of Al nanoparticles by molecular dynamics simulations.
Molecular Dynamics Simulation
The MD simulations for Al bulk are carried out in a NVT ensemble with a constant number of atoms N, volume V, and temperature T with the periodic boundary conditions, and for Al nanoclusters are carried out in a NVE ensemble without any periodic boundary conditions. Temperature is controlled by a Nose-Hoover thermostat [22] and the equations of motion are integrated using the Verlet Leapfrog algorithm [23] with a time step of 0.001 ps. The system was equilibrated for 400 ps (400,000 time steps), the averages have been computed over the following 500 ps (500,000 time steps).
In the present study, we have used the DL-POLY-2.20 program [24] . For construction of initial configuration, first, a FCC block of Al was constructed from a FCC unit cell by replication in three dimensions with the center located at (0, 0, 0). The fractional coordinates in the FCC structure are (0, 0, 0), (0.5, 0.5, 0), (0.5, 0, 0.5), and (0, 0.5, 0.5).
In the molecular dynamics simulations, we chose Sutton-Chen (SC) type potentials to describe interatomic interactions among metal atoms in a nanoparticle. This potential represents the many-body interactions, and their parameters are optimized to describe the lattice parameter, cohesive energy, bulk modulus, elastic constants, phonon dispersion, vacancy formation energy, and surface energy, leading to an accurate description of many properties of metals and their alloys [25] - [28] . For the SC-type force field, the total potential energy for a system of atoms can be written as
Here ( ) ij V R is a pair interaction function defined by the following equation
Accounting for the repulsion between the i and j atomic cores; i ρ is a local electron density accounting for cohesion associated with atom i defined by
In Equations (1) and (2), ij R is the distance between atoms i and j, a is a length parameter scaling all spacing (leading to dimensionless V and ρ); c is a dimensionless parameter scaling the attractive terms; ε sets the overall energy scale; n and m are integer parameters such that n > m. Given the exponents (n,m), c is determined by the equilibrium lattice parameter, and ε is determined by the total cohesive energy. 
Result and Discussion

Thermodynamics Limit
Molecular dynamics simulation has been carried out for Al nanoclusters with different sizes (N = 256, 500, 864, 1372, 2048 and 4000) in the temperature range 300 K ≤ T ≤ 1200 K for both free and periodic boundary conditions. Energy per site for periodic and free boundary conditions is calculated for the mentioned sizes and temperature. By increasing size of Al nanoclusters, the energy per atom convergence to that of the bulk. To obtain thermodynamic limit, we have calculated the equilibrium configurationally energy per site for the bulk at 300 K.
The percent difference as a function of cluster size is shown in Figure 1 .
On the basis of Figure 1 , by increasing the cluster size, the magnitude for the difference in configurationally energy per site of the bulk and nanocluster decreases with N and approaches to zero exponentially. The percent difference is about 3.5 for N = 4000.
Surface Energy
The reversible work per unit area to form a new surface of a substance (for instance by cleavage) is defined as the specific surface free energy (or simply called the surface free energy γ ), while the reversible work per unit area required toelastically stretch a surface is the surface tension, σ . The surface free energy constitutes a noticeable contribution to the total free energy of a nanoparticle. where σ is the surface tension, represents the surface free energy and s A is the surface area. To calculate the surface free energy, we use the approach given in reference [29] .
The surface energy of a cluster may be calculated from
where E cluster and E bulk are the potential energies per site of cluster and bulk, respectively, and c R is the cluster radius at a certain temperature. We have calculated the surface energy (per unit surface area) and cluster radiuses, at 300 K for different sizes of nanocluster 108 -4000, the results are shown in Figure 2 .
According to the Figure 2 , the surface energy exponentially decreases with the cluster size.
Melting Point of Nanocluster
The configurationally energy per size for the Al nanocluster with different sizes 108, 144, 192, 256, 320, 400, 500, 864, 1372, 2048 and 4000 is calculated at different temperatures 300 K ≤ T ≤ 1200 K. To identify the melting temperature, we have calculated the specific heat capacity at constant volume C as,
A jump in the calculated heat capacity as a function of temperature indicates the melting point. The temperature range in which the melting occurs for different cluster is summarized in Table 1 .
Our results for the melting points of Al nanocluster shows good agreements these given in reference [21] . We have taken 3 snapshots for an Al nanocluster with N = 256 at three different temperatures 20 K, 500 K, and 800 K Figure 2 . Dependence of the surface energy (eV/NA2) to the cluster size. According to Figure 3 the Al nanocluster with 256 atoms at the lowest temperature 20 K has an ordered phase, when temperature increases at 500 K before melting point, the solid of nanocluster becomes disordered, and finally at 800 K above the melting point the structure of nanocluster is destroyed.
The correlation radial distribution function g(r) is calculated at the three temperatures shown in Figure 4 . On the basis of Figure 4 at the lowest temperature the nanocluster has a very high peak, even at large distance there are some smaller peaks which indicates the long range order in nanocluster. By increasing temperature the high peak becomes smaller.
Melting Point of Bulk
Configurationally energy per size of Al bulk using 2048 atom and periodic boundary condition is calculated at different temperatures within the 300 ≤ T ≤ 1200. The calculated configurationally energy is plotted versus temperature in Figure 5 . On the basis of Figure 5 , there is a jump in the configuration energy thoroughly at 875 K.
The calculated heat capacity of the bulk is plotted versus temperature in Figure 6 for 2048 atoms Al in bulk. The maximum which appears in the specific heat capacity corresponds to the melting point of the bulk.
Sublimation Energy
Molecular Dynamics simulations have been done at zero pressure; therefore internal energy is equal to enthalpy. Namely:
We may assume that Al in gas phase is ideal and then sublimation energy may be given by 3 2
Equation (7) is used to calculate for the clusters with different size. The calculated sublimation energy is shown in Figure 7 .
According to Figure 7 the sublimation energy increase with N and asymptotically approach to limit of sublimation energy per size is 3.3 eV/N (318 kJ/mol). Experimental value for the sublimation energy was 330 kJ/mol and it was closed to our result.
Conclusion
Molecular dynamics have been used for investigation of thermodynamic properties of Al in nanocluster and bulk states. Some physical properties such as melting point, surface energy, sublimation energy, thermodynamic limit and pair distribution function have been obtained. By increasing the size of nanocluster, configuration of energy approaches to thermodynamic limit. For instance, the relative error from the bulk state for a typical particle consisting 4000 Al atom is roughly 3 percent. Surface free energy decreases exponentially as a function of size and its values is roughly zero at size of 1372. The main peak of pair distribution function at low temperature (before melting) is sharp. There are also some other peaks after the main peak which may indicate existence of ordering in long distance. However, increasing the temperature will result in disappearing and broadening of all the peaks. Melting point of bulk state is 875 K which proportional the jump of energy and sharp peak in heat capacity. Our calculated sublimation energy is in good agreement with experimental result (ΔH s-calculated = 330 kJ/mol, ΔH s-experimental = 318 kJ/mol).
